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We investigate the possibility to find the simplest renormalizable grand unified theory based on 
the SU(5) gauge symmetry. We find that it is possible to generate all fermion masses with only two 
Higgs bosons, 5h and 45 h- In this context the neutrino masses are generated through the type III 
and type I seesaw mechanisms. The predictions coming from the unification of gauge couplings and 
the stability of the proton are discussed in detail. In this theory the leptogenesis mechanism can be 
realized through the out of equilibrium decays of the fermions in the adjoint representation. 



I. INTRODUCTION 

The possibility to unify all fundamental interactions in 
nature is one of the main motivations for physics beyond 
the Standard Model (SM). The so-called grand unified 
theories (GUTs) are considered as one of the most natu- 
ral extensions of the Standard Model where this dream is 
partially realized. Two generic predictions of those theo- 
ries are the unification of gauge interactions at the high 
scale, Mgut « lO^^-^^ GeV, and the decay of the Hght- 
est baryon the proton, which unfortunately still has 
not been observed in the experiments. 

The first grand unified theory was proposed by Georgi 
and Glashow in reference As is well known this 

model, based on SU{5) gauge symmetry, has been con- 
sidered as the simplest grand unified theory. It offers 
partial matter unification of one Standard Model family 
in the anti-fundamental 5 and antisymmetric 10 repre- 
sentations. The Higgs sector is composed of 24ij and 
5h- The GUT symmetry is broken down to the Stan- 
dard Model by the vacuum expectation value (VEV) of 
the Higgs singlet field in , while the SM Higgs resides 
in 5h- The beauty of the model is undeniable, but the 
model itself is not realistic. This model is ruled out for 
three reasons: the unification of the gauge couplings is in 
disagreement with the values of aem , sin^ 6w and as at 
the electroweak scale, the neutrinos are massless and the 
unification of the Yukawa couplings of charged leptons 
and down quarks at the high scale in the renormalizable 
model is in disagreement with the experiments. 

Recently, several efforts has been made in order to 
define the simplest realistic extension of the Georgi- 
Glashow model. The simplest realistic grand unified the- 
ory with the Standard Model matter content was pointed 
out in reference Q where the 15 h has been used to gen- 
erate neutrino masses and achieve unification. For dif- 
ferent phenomcnological and cosmological aspects of this 
proposal see references i, 0, 0, and 0. This the- 
ory predicts for the first time the existence of light scalar 



leptoquarks and that the upper bound on the proton life- 
time is Tp < 2 X 10'^^ years. Therefore, this realistic grand 
unified theory could be tested at future collider experi- 
ments, particularly at LHC, through the production of 
scalar leptoquarks and at next generation of proton de- 
cay experiments. Now, if we extend the Georgi- Glashow 
model adding extra matter, there is a realistic grand uni- 
fied model where the extra matter is in the 24 represen- 
tation. This possibility has been proposed recently by 
Bajc and Senjanovic in reference 8]. In this scenario 
using higher-dimensional operators the neutrino masses 
are generated through the type I jSi] and type III J^] see- 
saw mechanisms. In this case the theory predicts a light 
fermionic SU(2)l triplet ^ which is responsible for type 
III seesaw. See references [8.], and pjj for more details. 

The type III seesaw mechanism has been proposed for 
the first time in reference [13] • In this case adding at 
least two fermionic SU{2)l triplets with zero U{1)y hy- 
percharge the effective dimension five operator relevant 
for neutrino masses are generated once the neutral com- 
ponents of the fermionic triplets are integrated out [lo| . 
In the context of grand unification Ma studied for the 
first time the implementation of this mechanism in SUSY 
SU{5) In this case a fermionic chiral matter super- 
field in the 24 representation has to be introduced 
and the neutrino masses are generated through type I and 
type HI seesaw mechanisms since in the 24 representa- 
tion one has the fermionic triplet responsible for type III 
seesaw and a singlet responsible for type I seesaw. There- 
fore, if we want to realize the type HI seesaw mechanism 
one must introduce extra matter in the adjoint represen- 
tation. The implementation of this mechanism in non- 
SUSY SU{5) has been understood in reference [§]. In this 
case they have introduced extra matter in the 24 repre- 
sentation and use higher-dimensional operators in order 
to generate at least two massive neutrinos and a consis- 
tent relation between the masses of charged leptons and 
down quarks [1]. 

The models mentioned above include the whole set 
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of higher dimensional operators in order to have a 
consistent relation between the Yukawa couplings at the 
unification scale. In this work we want to stick to the 
renormalizability principle and focus our attention on 
renormalizable extensions of the Georgi-Gashow model. 
Following the results presented in references and [1| 
we investigate the possibility to write down the simplest 
renormalizable grand unified theory based on the SU (5) 
gauge symmetry. We find that it is possible to generate 
all fermion masses at the renormalizable level , including 
the neutrino masses, with the minimal number of Higgs 
bosons: 5h and 45//. The implementation of the 
leptogenesis mechanism [3] is possible. In this model 
the leptogenesis mechanism can be realized through the 
out of equilibrium decays of the fermions in the adjoint 
representation. Notice that in the model proposed in 
reference [1] only resonant leptogenesis could be possible 
since the fermionic triplet is very light. As we will show 
in the next section there is no problem to satisfy the 
experimental lower bounds on the proton decay lifetime. 
We propose a new renormalizable grand unified theory 
based on the SU (5) gauge symmetry with extra matter 
in the adjoint representation. We refer to this theory as 
"Renormalizable Adjoint SU{5)". The model proposed 
in this letter can be considered as the renormalizable 
version of the model given in reference Q and is one 
of the most appealing candidates for the unification of 
the Standard Model interactions at the renormalizable 
level. In the next sections we discuss some of the most 
relevant phenomenological aspects of this proposal. 

II. RENORMALIZABLE ADJOINT SU{5) 

In order to write down a realistic grand unified 
theory we have to be sure that all constraints com- 
ing from the unification of gauge couplings, fermion 
masses and proton decay can be satisfied. In this 
letter we stick to the simplest unified gauge group, 
SU{5), and to the renormalizability principle. Now, 
if we want to have a consistent relation between the 
masses of charged leptons and down quarks at the 
renormalizable level we have to introduce the A5h 
representation [14]. Therefore, our Higgs sector must 
be composed of 24^ = (Es, Sa, S(3,2), ^(3^2), ^24) = 
(8, 1, 0) 0(1, 3, 0) 0(3, 2, -5/6) 0(3, 2, 5/6) 0(1, 1, 0), 
A5h = ($i,$2,*3,*4,*5,_*6,i?2) - (8,2,1/2)0 
(6, 1,-1/3) 0(3, 3, -1/3) 0(3, 2, -7/6) 0(3, 1,-1/3) 
(3,1,4/3)0(1,2,1/2), and 5^ = {Hi,T) = (1,2,1/2) 
0(3,1,-1/3) where the field 45 satisfies the following 
conditions: (45)f = -(45)f , ELi(45)S'' = 0, and 
V45 = (45)p = (45)25 = (45)r 
Yukawa potential for charged fermions reads as: 



and the masses for charged leptons and down quarks are 
given by: 
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where (5/f) — v,. Yi and I2 are arbitrary 3x3 matrices. 
Notice that there are clearly enough parameters in the 
Yukawa sector to fit all charged fermions masses. See 
reference 15 1 for the study of the scalar potential and Q 
for the relation between the fermion masses at the high 
scale which is in agreement with the experiment. 

There are three different possibilities to generate the 



neutrino masses [12| at tree level in this context. The 
model can be extended in three different ways: i) we 
can add at least two fermionic SU{5) singlets and gen- 
erate neutrino masses through the type I seesaw mecha- 
nism [§| ii) we can add a 15 of Higgs and use the type II 
seesaw [16[ mechanism, or iii) we can generate neutrino 
masses through the type HI [1^ and type I seesaw mech- 
anisms adding at least two extra matter fields in the 24 
representation [l2|. In reference 0] it has been realized 
the possibility to generated the neutrino masses through 
type III and type I seesaw adding just one extra matter 
field in 24 and using higher-dimensional operators. No- 
tice that the third possibility mentioned above is very 
appealing since we do not have to introduce SU{5) sin- 
glets or an extra Higgs. If we add an extra Higgs, 15h, 
for type II seesaw mechanism the Higgs sector is even 
more complicated. In this letter we focus on the possibil- 
ity to generate the neutrino masses at the renormalizable 
level through type III and type I seesaw mechanisms. 

The predictions coming from the unification of the 
gauge couplings in a renormalizable SU (5) model 
where one uses type I or type II seesaw mechanism 
for neutrino masses were investigated in reference fl7| . 
However, a renormalizable grand unified theory based 
on SU{5) where the neutrino masses are generated 
through the type III seesaw mechanism has not been 
proposed and this is our main task. The SM decom- 
position of the needed extra multiplet for type III 
seesaw is given by: 24 = {ps, Ps, P{3,2), P{3,2), Po) = 
(8, 1, 0) 0(1, 3, 0) 0(3, 2, -5/6) 0(3, 2, 5/6) 0(1, 1, 0). 
In our notation and po are the SU{2)l triplet respon- 
sible for type III seesaw and the singlet responsible for 
type I seesaw, respectively. Since we have introduced 
an extra Higgs 45// and an extra matter multiplet 24, 
the Higgs sector of our model is composed of 5//, 24// 
and 45//, and the matter is unified in the 5, 10 and 24 
representations. 

The new relevant interactions for neutrino masses in 
this context are given by: 



K = c, 5^ 24 5// -I- p., 5i 24 45// + h.c. 



(4) 



h.c. 



(1) 



Notice from Eq. (1) and Eq. (4) the possibility to gen- 
erate all fermion masses, including the neutrino masses. 
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with only two Higgses : 5h and 45//. The first term in 
the above equation has been used in reference in the 
context of SUSY SU (5) and in reference Q in the context 
of non-SUSY SU{5). Notice that the main difference at 
this level of our model with the model presented in refer- 
ence [1| is that we do not need to use higher-dimensional 
operators and with only two Higgses we can generate all 
fermion masses. Notice that in SU{5) models usually 
that is not possible. 

Using Eq. ([4]) the neutrino mass matrix reads as: 



where 



b,bj 



P3 



Po 



CiV5 - 3piV45, 



(5) 



(6) 



fields living in 24 have to be heavy if we do not assume 
a very small value for the A parameter. 

Before study the unification constraints and discuss 
the different contributions to proton decay let us sum- 
marize our results. We have found that it is possible to 
write down a renormalizable non-supersymmetric grand 
unified theory based on the SU{5) gauge symmetry 
where the neutrino masses are generated through type I 
and type III seesaw mechanisms using just two Higgses 
5h and 45//. In this context, as in the model proposed 
in reference [sj, the implementation of leptogenesis is 
possible. However, in their case one could have only 
resonant leptogenesis. Those issues will be discussed in 
detail in a future publication. 

III. UNIFICATION CONSTRAINTS AND 
NUCLEON DECAY 



and 
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The theory predicts one massless neutrino at tree level. 
Therefore, we could have a normal neutrino mass hi- 
erarchy: mi 



= 0, 777,2 



and 
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Am'^fj^ or the inverted neutrino mass hi- 
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atm ™1 ^ 

X 10-5 eV^ and 



^ eV^ are the mass-squared differ- 



Amlt^ « 2.5 X 10 
ences of solar and atmospheric neutrino oscillations [18| |. 
respectively. 

The masses of the fields responsible for the seesaw 
mechanisms are computed using the new interactions be- 
tween 24 and 24// in this model: 



(8) 



Once 24// gets the expectation value, (24//) = 
V diag{2, 2, 2, —3, —3) / VSO, the masses of the fields living 
in 24 are given by: 
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where we have used the relations My — vyJ^TracuT /'i, 
X = A/a/SOtt and chose My as the unification scale. No- 
tice that when the fermionic triplet p3, responsible for 
type HI seesaw mechanism, is very light the rest of the 



In order to understand the constraints coming from 
the unification of gauge couplings we can use the 
B-test relations: B23/B12 = 0.716 ± 0.005 and 
IhMgut/Mz = (184.9 ± 0.2)/Bi2, where the coeffi- 



cients Bi 



Bi — Bi and Bj 



hi -\- X]/ bii ri are the 
so-called effective coefficients. Here bu are the appro- 
priate one-loop coefficients of the particle / and r/ — 
(InMcuT/MiynnMauT/Mz) (0 < r/ < 1) is its "run- 
ning weight" [l9|. To obtain the above expressions we 
have used the following experimental values at Mz in 
the WS scheme fl8|: sin^ OwiMz) = 0.23120 ± 0.00015, 
<^7rLiMz) = 127.906 ± 0.019 and UsiMz) = 0.1176 ± 
0.002. In the rest of the paper we will use the central 
values for input parameters in order to understand the 
possible predictions coming from the unification of gauge 
interactions. 

As is well known the B-test fails badly in the Standard 
Model case since -Bfg^^/Sfj*^ — 0.53, and hence the need 
for extra light particles with suitable Bij coefficients to 
bring the value of the B23/ B12 ratio in agreement with its 
experimental value. In order to understand this issue we 
compute and list the Bij coefficients of the different fields 
in our model in Tables HI HTl and lllll Notice that we have 
chosen the mass of the superheavy gauge bosons as the 
unification scale. From the tables we see clearly that E3, 
$3 and p3 fields improve unification with respect to the 
Standard Model case since those fields have a negative 
and positive contribution to the coefficients B12 and -6231 
respectively. 



TABLE I: Contributions of 5/r, and 24/f multiplets to the Bij 
coefficients, including the contribution of the Higgs doublet in 
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TABLE II: Contributions of the fields in 45£r to tiie Bij coef- 
ficients, excluding the contribution of the Higgs doublet H2- 





$1 


$2 


$3 


$4 


$5 


$6 


B23 

B12 


2 

15 


15 '■*2 


5*^*3 






15 '^*6 



TABLE III: Extra contributions of the extra matter in the 
multiplet 24 to Bij coefficients. 
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P(3,2) 


P(3,2) 


B23 




3' P3 


3 ^(3,2) 


3 ^(3,2) 


B12 





s'ps 


3 ^(3,2) 


3 ^(3,2) 



Before we study the different scenarios in agreement 
with the unification of gauge interactions let us discuss 
the different contributions to proton decay. For a review 
on proton decay see In this model there are five 

multiplets that mediate proton decay. These are the su- 
perheavy gauge bosons V = (3, 2, —5/6) 0(3, 2, 5/6), the 
SU{3) triplet T, $3, $5 and $6. The least model depen- 
dent and usually the dominant proton decay contribution 
in non-supersymmetric scenarios comes from gauge bo- 
son mediation. Its strength is set by My and acuT- 
Notice that we have identified My with the GUT scale, 
i.e., we set My = Mqut- We are clearly interested in the 
regime where My is above the experimentally established 
bounds set by proton decay. My > (2 x 10^^) 5 x 10^^ 
GeV if we do (not) neglect the fermion mixings [2l[. 

In this theory the value of Mqut depends primarily on 
the masses of E3, pa, $1 and $3 through their negative 
contributions to the B12 coefficient. The 4>3 field can- 
not be very light due to proton decay constraints. The 
$3 contributions to proton decay are coming from in- 
teractions YiQ'^ia2^zQ and Y2Q'^ia2^lL. The field $3 
should be heavier than 10^^ GeV in order to not conflict 
experimental data. Of course, this rather naive estimate 
holds if one assumes most natural values for Yukawa cou- 
plings. If for some reasons one of the two couplings is 
absent or suppressed the bound on $3 would cease to ex- 
ist. For example, if we choose ^4 to be an anti-symmetric 
matrix, the coupling Y^Q"'^ ia2^7iQ vanishes. Therefore, 
$3 could be very light. In general the field S3 could 
be between the electroweak and the GUT scales, while 
P3 has to be always below the seesaw scale, Mp^ < 10^"* 
GeV. Let us study several scenarios where the unification 
constraints are quite different: 

• The first scenario corresponds to the case when S3 
is at GUT scale, while $3 and/or could be be- 
low the unification scale. The rest of the fields 
are at the unification scale. Using the Bij coeffi- 
cients listed in Tables. I-III we find that if <I>3 is 
at GUT scale it is possible to achieve unification at 



1.83 X 10^'* GeV if Mp3 = 1.13 x 10^ GeV. However, 
if p3 is at the seesaw scale, 10^'' GeV, we achieve 
unification at 2.46 x GeV if M$3 = 3.68 x 10^ 
GeV. In both cases the unification scale is rather 
low and it is possible to achieve unification with 
only one of these fields, $3 or p3, since in this model 
one can have two light Higgs doublets at Mz- No- 
tice that in the first case we have to suppress the 
gauge contributions to nucleon decay, while in the 
second case both the $3 and gauge contributions 
have to be suppressed in order to satisfy the exper- 
imental bounds on proton decay lifetimes, typically 
Tp^P > 10^^ years. 

• In the second scenario S3 is at the electroweak 
scale. In this case if $3 is at the GUT scale and 
Mp3 = 1.35 X 10"^^ GeV the gauge couphngs unify 
at 1.83 X 10^'* GeV. Now, in the case when p3 is 
at the seesaw scale the unification is at 2.11 x 10^"* 
GeV if M<[.3 = 1.01 X lO^^ GeV. Notice that as in 
the previous scenario the unification scale is very 
low, while the mass of $3 is always above the lower 
bound coming from nucleon decay. Therefore, we 
only have to suppress the gauge contributions to 
proton decay through the fermionic mixings 21|. 



• In the previous scenarios we have assumed that the 
fields <E'3, /33 and S3 could be below the GUT scale, 
while the rest of the fields are at the unification 
scale. Now let us analyze the case when those fields 
can contribute to the running of gauge couplings. 
In particular the contributions of $1 and Sg are 
quite relevant in order to understand what is the 
maximal unification scale in our model. Notice that 
$1 has negative contributions to the i?23 and B12 
coefficients, while Sg has only negative contribution 
to i?23- When those fields, $1 and Sg, are very 
light the unification scale will be higher than in the 
previous scenarios since in this case the rest of the 
fields have to be lighter in order to satisfy the B-test 
relations. It is easy to understand that the maximal 
unification scale in this scenario corresponds to the 
case when M$^ — Afsg = ^izi — Mqut, 

M$3 = 1.2 X 10^ GeV and Mp., = 10^'^ GeV. In 
this case the unification scale is Mqut = 1.2 x 
lO^"^ GeV. Therefore, in this case one can conclude 
that there is no hope to test this scenario at future 
proton decay experiments since Tp > 10*^ years. 

It is important to know which is the minimal value for 
the mass of the fermionic triplet, responsible for type III 
seesaw, consistent with unification. The minimal value of 
A'/p3 corresponds to the case when S3 and $3 are at the 
GUT scale, while $1 and Sg are close to the electroweak 
scale. In this case Mp^ k, 1.5 TeV and the unification 
scale is 3 X 10"'^^ GeV. Therefore, we can conclude that 
in this case the seesaw mechanism could be tested at 
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future collider experiments. The minimal value of M$3 
in our model is 5 x 10*^ GeV when M^^ = « Mz, 
« Mgut « 5 X 1016 GeV and Mp., = 10^^ GeV. 
Notice that in all the scenarios studied in this section we 
can satisfy the constraints coming from proton decay and 
neutrino masses. 

The theory proposed in this letter can be considered 
as the renormalizable version of the theory given in ref- 
erence 0. As we have discussed in this letter, the pre- 
dictions coming from proton decay, the unification con- 
straints and leptogenesis are quite different in this case. 
Our theory can be considered as the simplest renormal- 
izable grand unified theory based on the SU(5) gauge 
symmetry. 



IV. SUMMARY 

We have investigated the possibility to find the 
simplest renormalizable grand unified theory based on 
the SU(5) gauge symmetry. We find that it is possible 
to generate all fermion masses with only two Higgs 
bosons, 5h and 4:5 h- In this context the neutrino 
masses are generated through the type III and type I 
seesaw mechanisms. The predictions coming from the 
unification of gauge couplings and the stability of the 
proton have been discussed in detail. In this theory 
the leptogenesis mechanism can be realized through the 
out of equilibrium decays of the fermions ps and po in 
the adjoint representation. We refer to this theory as 
"Renormalizable Adjoint SU(5)". 
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